We report a quantum magnetotransport signature of a change in Fermi surface topology in the Rashba semiconductor BiTeI with systematic tuning of the Fermi level E F . Beyond the quantum limit, we observe a marked increase/decrease in electrical resistivity when E F is above/below the Dirac node that we show originates from the Fermi surface topology. This effect represents a measurement of the electron distribution on the low-index (n = 0, −1) Landau levels and is uniquely enabled by the finite bulk k z dispersion along the c-axis and strong Rashba spin-orbit coupling strength of the system. The Dirac node is independently identified by Shubnikov-de Haas oscillations as a vanishing Fermi surface cross section at k z = 0. Additionally we find that the violation of Kohler's rule allows a distinct insight into the temperature evolution of the observed quantum magnetoresistance effects.
experimental implication of the linear dispersion is that in laboratory magnetic fields, it significantly enlarges low index Landau level energy separations compared to parabolic bands generated by a comparable tight-binding transfer integral, making emergent Dirac Fermion systems an ideal platform to study the quantum Landau level effects. Observations of this range from the discovery of Shubnikov-de Haas (SdH) oscillations in elemental bismuth [5] to the first report of the quantum Hall effect at room temperature in graphene [6] . In this Letter we extend the quantum transport study of such Dirac structures to the critical point of a change in the bulk Fermi surface topology. From a semiclassical point of view, it is understood that magnetoresistance (MR) is sensitive to the topology of given Fermi surfaces [7] : the magnetic field B drives the electrons in orbits around the Fermi surface (FS), sensing its geometry and topology. We here describe the effect of the Dirac structure in this context of Fermi surface topology, which we observe as a magnetoresistance effect of pure quantum origin across the bulk Dirac node.
We study the system BiTeI that possesses a Dirac node generated by Rashba-type spinorbit coupling α · (σ × k) [8, 9] , where α is the structure-specific Rashba parameter, σ and k are the spin and momentum operator, respectively. This layered semiconductor breaks inversion symmetry by crystallizing in the polar space group P 3m1 so that the spin-orbit interaction takes the form of a Rashba term in the bulk 3D band structure. This has been confirmed by angle-resolved photoemission spectroscopy [10] and relativistic ab inito calculations [11] . In this system, both the conduction band minimum and the valence band maximum are located near the A point in the hexagonal prism-shaped Brillioun zone ( Fig.   1(b) ); taking A as the origin, the conduction electrons near the band edge can be described by the Hamiltonian
where the momentum k is decomposed into k || in the A-L-H plane and k z parallel to A−Γ as well as α. The quasi-two-dimensionality of the crystal structure leaves H dominated by the in-plane components. Typical band parameters for BiTeI are m 0 = 0.09m e , |α| = 3.85eV ·Å and m z /m 0 ∼ 5, as reported in photoemission [10] , optical [12] and transport [13] studies. To emphasize the competition between the spin-splitting α · (σ × k || ) and kinetic energȳ h 2 k 2 || /2m 0 , E F is zeroed at the band crossing point at A, which is also the neutrality point of an effective Dirac Fermion with the Fermi velocity v F ≈ 5.35 × 10 5 m/s [12] . Here the Dirac point defines a change of Fermi surface topology ( Fig. 1(a) ) from a spindle-torus (E F > 0) through a horn-torus (E F = 0) to a ring-torus (E F < 0). The inner Fermi surface (IFS) and outer Fermi surface (OFS) are defined at each k z slice as shown in Fig. 1(a) ; the OFS is always electron-like while the IFS is bipolar depending on E F and k z .
The simple band structure described by Eq. (1) and degenerate semiconductor nature (usually n-type) of BiTeI allows a systematic exploration of this system upon doping, which readily transforms the FS progressively as depicted in Fig. 1(a) . Single crystals of BiTeI were grown in a vertical Bridgman furnace, intentionally doped with Cu to improve electron mobility µ e and vary the carrier density n e [14] . MR and Hall effects are measured in fourprobe configurations in a Quantum Design Physical Property Measurement System with B applied along the polar c-axis. Compared with preceding studies [13] [14] [15] our BiTeI samples exhibit relatively large ρ 300K /ρ 2K = 4 ∼ 5.8 ( Fig. 1(c) ) and enhanced low temperature µ e typically between 800 ∼ 3000 cm 2 /V·s. n e varies within the range of 1.2 ∼ 6 × 10 19 /cm 3 for samples taken from the same ampoule, implying a composition gradient intrinsic to Bridgman growth [16] . The microscopic role of Cu in improving the electronic quality of crystals is still being investigated. At the lowest temperature, we observe clear SdH oscillations over an extended range of E F as shown for selected samples in Fig. 2 
(a).
SdH oscillations is a common means to probe FS in metals [17] , whose frequency f gives the extremal FS size S k via f =hS k /2πe. In Fig Beyond the IFS quantum limit, we observe distinctly different behavior for E F > 0 and
It is most illuminating to contrast in Fig.2 We suggest that the physical origin of this bifurcation is the quantum transport of the relevant Landau levels (LL) for the density of states (DOS) at E F [17] . 
where n is the LL index, including n = 0 (E 0 =heB/2m 0 ). Selected LLs (n = −40 ∼ 4)
are shown in Fig. 2(d) and are divided into two groups colored blue and green, whose successive intersection with E F gives rise to the IFS and OFS oscillations, respectively. We note that because E n (B) for n < 0 are non-monotonic, in increasing B these LLs experience a transition from IFS-like to OFS-like. We illustrate this with the change in color of the negative LLs in Fig. 2(d) . Blue (IFS) LLs resemble that of a Dirac Fermion with a slight B-dispersive n = 0 LL due to the zero-point energy of the parabolic band with the effective mass m 0 . Green (OFS) LLs can be seen to restrict the overall chemical potential within a weak variation.
In contrast to this quantization in transverse k || , the longitudinal k z is unaffected, recalling a residual 1D contribution from every LL satisfying E n < E F [20] . As the OFS LLs are insensitive to the sign of E F , we focus on the IFS to understand the observed MR behavior.
The IFS density of states D IFS is given by:
with E n explicitly expressed in Eq. (2) and E F taken as B-independent for each sample.
In Eq. (3), The finite m z in the bulk Rashba band structure is key to this effect by acting as a particle-hole symmetry (PHS) breaking term. In the context of band structure, in addition to the deformation of the Dirac node due to m 0 , m z breaks PHS of the node by forcing both the in-plane electrons and holes to be electron-like in k z . This allows qualitatively different and has only recently been addressed in the context of the Nernst effect near the quantum limit in graphite [22] .
Beyond dimensionality and symmetry, the interconnection by the spin with a large OFS also distinguishes the transport of the Dirac node in BiTeI from that in graphene. Conventionally, it may be expected that the IFS and OFS would simply be additive in their contributions to the conductivity tensor ( The above identification of FS topology is independently supported by the observed SdH oscillations, most unambiguously shown by comparing the FS radii k OFS and k IFS at k z = 0 as in Fig. 3(a) . This captures the vanishing IFS at the Dirac point where f OFS 320 T, as expected from the relationship between the two coupled Fermi surfaces:
The term k α = m 0 |α|/h 2 is the offset of band minimum generated by α · (σ × k || ), which performs a pure translation (gray arrow in Fig. 3(a) inset) between two spin branches on any k-space cut through the k z axis. Eq. (4) is a natural consequence of Eq. (1), confirming that this expression effectively describes the electrons near E F = 0. k α is estimated to be 0.049 ± 0.008/Å. This is consistent with m 0 = 0.095m e , |α| = 3.85 eV·Å which we have used in the calculation above and is in reasonable agreement (within 6 %) with previous reports [10, 12] , reassuring that the Cu-doping which improves the carrier mobility preserves the Rashba band structure. The IFS SdH senses both positive and negative low-index LLs across the Fermi surface topology change, as shown in the index plot Fig. 3(b) .
We next discuss the temperature (T ) dependence of the observed quantum transport behaviors. The effect of T on SdH oscillations is a useful probe of the Landau levels and associated carrier effective mass and scattering [17] . We have found that Kohler's rule [7] , Taking this collapsed curve as the background ρ Back onto which the SdH is superimposed assists the IFS index analysis in Fig. 3(b) . We note that a previous work [14] adopts a similar procedure in studying SdH in BiTeI.
The validity of Kohler's rule within the QL restricts the most plausible cause of the violation (at high fields beyond the QL in Fig. 4(b)-(d) ) to quantum effects. We suggest that these violations are consistent with the unconventional Dirac LLs, in particular the n = 0 and n = −1. MR of samples C and F are notably enhanced with elevated T , reflecting thermal excitation from the n = 0 LL both upward and downward (see inset of Fig. 4(d) ). In sample G, although the IFS SdH appears weaker compared to C or A, the suppressed Kohler's curve upon warming implies that the broad shoulder like feature in the MR is an intrinsic peak associated with the meeting of the coherent n = −1 LL with the E F . Additionally, the contrary T -evolution of samples C and G despite their similar B
QL
demonstrates the asymmetry of quantum transport above and below the Dirac node. In this way it can be seen that Kohler's scaling brings out the LL effects beyond the QL which would otherwise be overlooked.
The uniqueness of BiTeI lies in the particularly large value of α compared to other Rashba systems [10, 11] . This strengthens the Dirac Fermion behaviors observed above and determines the large inter-LL scale: at 14 T E 1 − E 0 88 meV while E 0 − E −1 71 meV.
Furthermore, the Dirac point is located ∼94 meV above the conduction band minimum, making E F < 0 accessible at an appreciable doping level without entering the localization regime [23] . We note that this E F < 0 regime in Rashba systems is of intense theoretical interest from the standpoint of enhanced superconducting instabilities [24] , spin torque efficiency [26] and superconductivity with peculiar symmetry [25] . Our present transport identification of the E F < 0 FS topology thus paves the way for realizing the material host for these exciting proposals.
In conclusion, we have established the quantum magnetotransport properties of the Dirac node in BiTeI, which is markedly asymmetric for E F > 0 and < 0. This effect is the result of a change in the bulk FS topology. Kohler's scaling is shown to be an effective tool to analyze the unconventional low-index Landau levels. We predict the latter effect will be useful in the general study of band crossings in multi-band systems. 
